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Abstract 
The etching mechanism of silver pastes with glass frit through the SiNx anti reflection coating of a standard silicon 
solar cell during the fast firing step is well understood. In this paper we investigate the firing through behavior for 
different alternative dielectric layers or stacks that are of great interest for new high efficiency solar cell concepts. On 
n-doped surface SiO2 and TiO2 were compared with SiNx. On p-doped surface TiO2 and SiNx as single layers and as 
capping layers on a thin Al2O3 layer were compared. The contact formation was analyzed using contact resistance 
measurement and scanning electron microscopy. Generally, it turns out that SiNx is the most stable passivation layer 
during a firing process when compared with all other tested materials. However, stacked on Al2O3 the contact 
resistance is decreased. Contact resistances as low as c = 3 m cm² were obtained on lowly doped boron surface with 
a surface concentration of NA = 2.3×1019 cm-3. 
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1. Introduction 
For advanced solar cell concepts different passivation layers are of great interest in order to provide the 
required optical and passivation properties to obtain a high current density and voltage. In the firing 
process these layers need to be stable in the non-metalized areas whereas they should get etched or 
dissolved by the printed silver paste. Materials of interest are SiNx, SiOx, TiO2 and Al2O3, most of them 
have proven their passivation qualities with low measured j0e [1, 2]. They have a high Gibbs free energy 
corresponding to a potentially high stability when exposed to high temperature processes (Fig.1) [3]. 
Based on the Ellingham diagram, Al2O3 is the most stable followed by TiO2, SiOx and lastly SiNx. The 
chemical stability against the glass frit in the paste can not only be derived from the Ellingham diagram, 
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but also depends on how the paste chemically interacts with these layers. Only SiNx is known to react 
with lead oxide in a redox reaction [4]. 
To characterize the firing through behavior we measured the contact resistance measurement over a 
wide firing range and using various lowly doped emitters in order to understand the difference in contact 
formation between the layers and the limits of the current ink. SEM images were taken at the silicon 
interface to analyze the etching pattern.  
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Fig. 1. Ellingham diagram shows the Gibbs Free energy as a function of temperature for studied passivation layers [3] 
2. Experiment 
To study the fire through properties of printed contacts, planar float zone wafers were symmetrically 
diffused with boron (sheet resistance Rsh = 90 NA = 8×1019cm-3, Rsh = 130  
NA = 1×1019cm-3, Rsh = 90 , NA = 2.3×1019cm-3) on 10 cm n-type material and with phosphorous 
(Rsh = 150 ND = 6×1019cm-3) on 10 cm p-type material (fig. 2).  
Layer thickness for the boron emitter was kept constant at 70 nm, which is about the optimal thickness 
of a front side anti-reflection coating for investigated dielectric layer. The passivation stacks consisted of 
Al2O3 (ALD) /SiNx (PECVD) (in nm 0/70, 10/60), or Al2O3 (ALD)/TiO2 (evaporated) (in nm 0/70, 10/60). 
The dielectric layer on the phosphorous emitter was established with SiNx (PECVD), SiOx(PECVD) or 
TiO2 (evaporated). Four thicknesses, namely 30 nm, 50 nm, 70 nm and 90 nm were processed. 
Metallization was done with aerosol jet printing of ~40 μm wide fingers and a height of ~0.5 μm. The 
distance between the fingers had a pitch of 1.5 mm using an aluminum-free silver lead glass ink. The 
wafers were fired in a rapid thermal processing furnace at temperatures between 700°C and 850°C in 
30°C steps. To finalize the metallization, the fingers were thickened with electro-plated silver. Contact 
formation quality of the printed metallization was evaluated with automated contact resistance 
measurements using the transfer length method [5]. Finally, scanning electron microscope (SEM) images 
were taken for each passivation layer at the silicon interface. Beforehand, the silver was removed with 
HNO3 and the glass was removed with HF to study the opening of the passivation layer and remaining 
crystallites. 
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Fig. 2. Doping concentration of phosphorous (p) and boron (b) as a function of depth measured with ECV 
3. Results 
In general, there was a negative correlation between the firing temperatures of all passivation layers 
and the contact resistance (CR). The higher the firing temperature the lower CR that was measured (e.g. 
fig. 3). Additionally, the thicker the passivation layer, the higher the CR for a given temperature (e.g. 
compare fig. 3-6). 
3.1. Phosphorous emitter 
In detail three passivation layers were studied on phosphorous emitter. The contact resistance was 
measured at each firing temperature and thickness. The results showed a dependency of the CR on the 
material composition. At 30 nm (fig. 3) and 50 nm (fig. 4) a significant difference between the deposited 
layers is not observed. Average contact resistance under c = 5 reached for temperatures of 
790°C and above. Dielectrics between 70 nm (fig. 5) and 90 nm (fig. 6) were more difficult to penetrate 
with the ink and reached a CR smaller than C = ~5  For these thicker layers 
significant differences between the deposited materials were observed. SiNx is the most stable layer 
followed by SiO2 and TiO2.This is in reverse order as it would be expected by only looking at the Gibbs 
free energy (Fig. 1). 
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Fig. 3. Specific contact resistance of 30 nm thick dielectric as 
a function of temperature 
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Fig. 4. Specific contact resistance of 50 nm thick dielectric as 
a function of temperature 
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Fig. 5. Specific contact resistance of 70 nm thick dielectric as 
a function of temperature 
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Fig. 6. Specific contact resistance of 90 nm thick dielectric as 
a function of temperature 
Looking at the SEM images we find, that the fast firing process the silver ink etched physically or 
chemically through all dielectric layers or stacks. For SiNx the finger is shown after firing at 790°C and 
silver removal in Fig. 7. The contact area is fully covered by glass from the ink with imprints of former 
silver particles. Usually, these particles are connected to smaller openings and potentially contact the 
silver crystallites on the silicon surface. In Fig. 8 after an additional HF treatment, we can see that the 
SiNx (light grey) was removed in most areas and the surface has a porous appearance, crystallites are 
situated mostly at the corners of porous areas. Comparing both images (Fig 7 and 8) it can be concluded 
that the non-etched areas were not in contact with glass and silver. The round porous etched areas were in 
the range of 1 μm (approx. the size of the silver particles). It is very likely that the silicon was in contact 
with silver at the porous areas and potentially made a metal-semiconductor contact. 
SiOx at the same temperature was penetrated differently. Mainly big silver crystallites or their imprints 
were observed up to 600 nm in clusters surrounded by very fine silver particles (fig. 9 and 10) (maybe 
redeposited during etching).The HF likely removed the SiOx layer so no information is available about the 
opened area in figure 10. 
In comparison, TiO2 was penetrated with groups of small silver crystallites between 50 nm and 
200 nm. Some standalone big silver particles (200 nm) were observed as well (fig. 12). It seems as though 
the crystallites joined together in one line. In the other images (fig. 11) an indication for this behavior can 
be seen (Note: fig. 11 not the correct thickness). The TiO2 layer seemed to break out in pieces; silver 
crystallites formed at the line of breakage.  
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Fig. 7. SEM images of 70 nm SiNX at 790°C after HNO3  
 
Fig. 8. SEM image of 70 nm SiNX after HNO3 & HF 
 
Fig. 9. SEM image of 70 nm SiOx  at 790°C after HNO3  
 
Fig. 10. SEM image of 70 nm SiOx at 790°C after HNO3 & HF 
 
Fig. 11. SEM image of 30 nm TiO2 at 790°C after HNO3 
 
Fig. 12. SEM image of 70 nm TiO2 at 790°C after HNO3 & HF 
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3.2. Boron emitter 
The boron emitter (NA = 8×1019 cm-3) was deposited with a SiNx layer or with an Al2O3 / SiNx stack, 
both with a thickness of 70 nm. The SiNx containing passivation layers had no significant difference on 
CR until 760°C (Fig. 13). Although the Al2O3 / SiNX stack (10 nm / 60 nm) provided a lower CR at 
790°C, a significant advantage was observed only at 820°C and above, with a CR of c = ~3 
Similar differences in CR were also observed for the TiO2 layers instead of SiNx as a single layer or in a 
stack with Al2O3. For all measured temperatures the stack system provided significantly lower CR. 
Generally, TiO2 provided a lower specific contact resistance, smaller than c = 6 
layer, and even smaller than c = 3 2O3/TiO2 stacks starting at temperatures of 730°C. To 
summarize, by introducing 10 nm Al2O3 in a 70 nm dielectric layer, the specific contact resistances were 
significantly lowered. 
 
Fig. 13. Specific contact resistance as function of temperature. The layer thickness is fixed to 70 nm. The stack contains 10 nm 
Al2O3. 
With SEM imaging the Al2O3/SiNx and pure SiNx layers were studied. Top view images were taken 
after the HNO3 and HF etch. For the 70 nm SiNx layer (Fig. 14) imprints and crystallites as big as 400 nm 
were observed, mostly in clusters with other crystallites. Approximately half of the SiNx (light grey) 
surface was opened (dark grey) by the silver ink in channels up to 1μm wide. A very fine porous structure 
<10 nm (visible in higher magnification images) was observed in the areas surrounding the silver 
crystallites, likely caused by the reaction of the ink in the firing process.  
In comparison, the Al2O3/SiNx stack (Fig.15) only a quarter of the area remained covered by the stack 
(light grey) whereas the rest of the surface appeared to porously etched (pores <50 nm) with silver 
crystallites max 200 nm in size. This very porous structure might be attributed to the higher instability of 
the 10 nm Al2O3 in the presence of ink/paste which provided the lower CR. Interestingly several 
crystallites were situated in the layer and were fairly evenly distributed.  
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Fig. 14. 70 nm SiNx on boron emitter 
 
Fig. 15. 10 nm Al2O3 60 nm SiNx on boron emitter  
Lowly doped boron emitter 
As mentioned above the best CR results were obtained with a 10 nm Al2O3/60 nm SiNx stack which is 
also known for excellent passivation properties. Therefore, we studied the capability of the aerosol ink on 
even lower doped emitters. The results are summarized for the emitter NA = 1×1019cm-3 and 
NA = 2.3×1019cm-3 in fig. 16. The results show that a low CR down to c = 3 an 
emitter with a surface concentration of only NA = 2.3×1019 cm-3. At a surface concentration of 1×1019cm-3 
it was not possible to reduce the CR further than c = 10 at any studied temperature with our 
aluminum-free ink.. Adding Al may further lower the CR if spiking can be prevented. 
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Fig. 16. Specific Contact Resistance as a function of fast firing peak wafer temperature for very lowly doped emitters 
3.3. Discussion 
The contact resistance measurement showed a dependency on the dielectric material. SiNx, the standard 
dielectric for crystalline silicon solar cells, was the most stable during the fast firing process. In our 
experiments, the silver ink was able to penetrate all layers to make contact with silicon on lowly doped 
boron and phosphorous emitters. For the latter emitter, passivation layer thicknesses above 70 nm showed 
a significant difference in CR among the tested dielectric materials. However, for lower thicknesses of 30-
50 nm, the material properties did not significantly influence the contact formation.  
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SiO2 and TiO2 showed the lowest contact resistance but the manner in which the passivation layer was 
penetrated differed. As a basis for comparison, SiNx made porous contacts at areas where silver, glass and 
silicon were in contact. However, SiO2 was penetrated more locally by forming big silver crystallites up to 
600 nm at the silicon interface. The contact formation through TiO2 appeared after breaking of the layer. 
At the line of breakage silver crystallites were formed making contact with silicon. 
The Al2O3 stacks on the boron emitter led to lower contact resistance than pure SiNx or TiO2. This was 
attributed to the change in stability of Al2O3 with increasing thickness. It is known that Al2O3 starts 
blistering above 10 nm [3]. The weakening of the layer may start earlier and supports easier contact 
formation during the firing process. In SEM images the Al2O3/SiNx stack showed an increased etching of 
the surface, indicated by the high porosity with silver crystallites sticking in the pores. Whereas, pure SiNx 
was not opened as aggressively by the ink only large silver crystallites are formed. 
Finally, the Al2O3/SiNx stacks were further studied on very lowly doped emitters. It was demonstrated 
that seed layer inks without aluminum could successfully contact doping concentration as low as 
NA = 2.3×1019 cm-3. 
4. Conclusion 
This work revealed, that the standard passivation layer SiNX is the most difficult to penetrate with 
silver and lead glass containing ink/paste under all tested layers. Combining it in a stack, Al2O3 lowers the 
CR significantly down to c = 3 NA = 2.3×1019 cm-3, which is the current 
limit of the inks through an industrial passivation. The SEM images showed the difference in penetration 
of dielectrics and contact formation resulting in pores, line layer breakage or big silver crystallites, but a 
correlation to the CR could not be established. 
The CR can potentially be further reduced using dielectric stacks containing 10 nm Al2O3 covered by a 
top layer such as SiO2 or TiO2 if passivation quality and optical properties allow it. Further ink 
development may further lower the CR by e.g. improving the glasses or using aluminum. 
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